III-V compound semiconductor nanowires are generally characterized by the coexistence of zincblende and wurtzite structures. So far, this polytypism has impeded the determination of the electronic properties of the metastable wurtzite phase of GaAs, which thus remain highly controversial. In an effort to obtain new insights into this topic, we cross-correlate nanoscale spectral imaging by near-field scanning optical microscopy with a transmission electron microscopy analysis of the very same polytypic GaAs nanowire dispersed onto a Si wafer. Thus, spatially resolved photoluminescence spectra could be unambiguously assigned to nanowire segments whose structure is known with lattice-resolved accuracy. An emission energy of 1.528 eV was observed from extended zincblende segments, revealing that the dispersed nanowire was under uniaxial strain presumably due to interaction with its supporting substrate. These crucial information and the emission energy obtained for extended pure wurtzite segments were used to perform envelope function calculations of zincblende quantum disks in a wurtzite matrix as well as the inverse structure. In these calculations, we varied the fundamental bandgap, the electron mass, and the band offset between zincblende and wurtzite GaAs. From this multi-parameter comparison with the experimental data, we deduced that the bandgap between the Γ 8 conduction and A valence band ranges from 1.532 to 1.539 eV in strain-free wurtzite GaAs, and estimated values of 1.507 to 1.514 eV for the Γ 7 -A bandgap.
Introduction
When III-V compound semiconductors are grown in the form of nanowires, their crystal lattice may adopt a wurtzite (WZ) structure, although their thermodynamically stable crystal phase has, with the exception of nitrides, a zincblende (ZB) structure [1] . Bulk crystals and planar thin films of these materials invariably crystallize in the zincblende structure. However, for nanowires extending along the 〈111〉 direction, the formation probability of the different crystal phases is generally similar, and the preferential formation of a specific phase during the nucleation of each atomic layer sensitively depends on several energetic and kinetic factors, such as the supersaturation of the catalyst, interfacial energies, and the nucleation site [2] [3] [4] [5] . Changes of the stacking sequence are, hence, easily introduced, and such nanowires consequently represent axial polytype heterostructures.
Since the different polytypes have different electronic band structures [6] , the resulting polytype heterostructures give rise to complex luminescence spectra [7] [8] [9] and can affect charge transport [10, 11] . On the one hand, such phenomena may deteriorate the performance of nanowire devices. On the other hand, crystal-phase quantum structures may also be exploited as the very basis for fundamental investigations and applications since they are structurally perfect by nature. More specifically, such heterostructures exhibit interfaces that are defined by crystal stacking and are hence atomically abrupt. Furthermore, crystal-phase heterostructures are free of any alloy disorder, in contrast to conventional heterostructures based on changes in chemical composition that often involve ternary materials.
Impressive progress has been achieved with respect to the understanding and control of the formation of crystal polytypes in nanowires [5, 12, 13] . Equally important is the understanding of the electronic structure of crystal-phase quantum structures. This objective primarily requires the determination of the WZ band structure, since the properties of the ZB phase are very well known. Most studies in this direction have been carried out on the polytypic III-V compound semiconductor GaAs. Despite considerable efforts, the results from the vast body of literature on this subject are entirely inconsistent [9, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . For example, the reported values for the bandgap of WZ GaAs scatter from 20 meV below [14] to 100 meV above [17] the bandgap of ZB GaAs. To the best of our knowledge, the results of all reported studies to date are summarized in Fig. S1 in the Electronic Supplementary Material (ESM). This overview reveals that even among recent studies, there is no consensus on the band structure of WZ GaAs. Its experimental analysis is made challenging by the fact that bulk material is essentially not available, as reported by McMahon and Nelmes [25] ; moreover, in nanowires, typically both phases occur on a nanometer length scale, leading to difficulties in assigning the optical transitions to specific structural configurations. The diffusion length in GaAs nanowires is on the order of 1 μm [26] , which makes it complicated to characterize WZ GaAs nanowires by standard luminescence spectroscopy techniques. This requires either WZ GaAs nanowires with a stacking faults/twins density much lower than 1 per micrometer, which in most cases poses a challenge, or highly spatially-resolved spectroscopic techniques.
In the present study, we characterized one and the same dispersed GaAs/(Al,Ga)As core/shell nanowire by both near-field scanning optical microscopy (NSOM) and transmission electron microscopy (TEM). Thus, we established a cross-correlation between photoluminescence bands and crystal structure with extreme spatial resolution. From these experiments, we succeeded at extracting the emission energy at 10 K of extended ZB and WZ segments, WZ quantum disks in a ZB matrix, and ZB quantum disks in a WZ matrix. The results for the extended ZB segment revealed that the nanowire was actually under a compressive uniaxial strain along the nanowire axis, presumably due to its interaction with the supporting substrate. A homogeneous uniaxial strain naturally affects the electronic transitions in all other parts of a nanowire [27] , and it is a factor that has so far not been taken into account in the analysis of dispersed GaAs nanowires. The advantage of our study is that we obtained cross-correlated experimental data for different well-defined structural configurations in the same nanowire. We compared this set of data with the results of envelope function calculations in which we varied WZ band structure parameters. On the basis of this multi-parameter comparison, we concluded that in strain-free WZ GaAs, the fundamental bandgap occurs between the Γ 8 conduction and A valence bands, and that the bandgap between the Γ 8 Nano Res. 2018, 11 (9) : 4708-4721 conduction and A valence band ranges between 1.532 and 1.539 eV. Figure 1 shows a hyper-spectral map taken on the GaAs/(Al,Ga)As core/shell nanowire under investigation by using NSOM at 10 K. The positions of the end facets of the nanowire, deduced from a topographical image (not shown), are highlighted by black arrows. The spatial distributions of the photoluminescence (PL) peak intensity and energy shown in Figs. 1(a) and 1(b), respectively, both reveal domains of various lengths along the nanowire (NW) axis. The locations of the change in PL energy coincide with abrupt changes in PL peak intensity, as emphasized by the vertical dashed lines. These domains of constant PL energy and intensity along the nanowire axis can be as short as 270 nm or extend over more than 1 μm. Small variations in PL peak energy are also observed perpendicular to the nanowire axis ( Fig. 1(b) ). They arise from the fact that when moving the near-field probe away from the axis of the wire, the PL intensity decreases drastically, making the determination of the PL peak energy less accurate. It should also be noted that the PL intensity from the tip of the nanowire is much lower than the one detected along the nanowire length, which is likely due to the simultaneous unintentional axial growth of (Al,Ga)As during the radial growth stage ( Fig. 2(b) , below 1.5 μm). a) A set of diffraction contrast TEM micrographs acquired along the whole length of the wire. The middle part is cut due to the FIB preparation of the TEM sample. Dashed lines indicate interfaces between the nanowire segments with a virtually defect-free ZB crystal structure, disordered superlattices of the ZB and WZ phases, and defect-free WZ crystal structure. The crystal phase structure was analyzed using lattice-resolved HAADF-STEM micrographs (not shown here). (b) Two-dimensional map of the spatial and spectral distribution of the photoluminescence emission acquired by NSOM. Photoluminescence spectra were taken from central pixels selected along the wire ( Fig. 1(a) ). The vertical axis indicates the photoluminescence energy and covers the energy range between 1.43 and 1.55 eV, which includes all detected spectral features. The horizontal axis indicates the position of each local PL spectrum along the nanowire. The white dashed lines on the spatial-spectral map highlight regions in correspondence to the classification of the crystal structure. The scale bar of 1 μm applies to both the TEM map and the spectral images. Nano Res. 2018, 11 (9) : 4708-4721
Results and discussion
While the short segments with constant PL energy and intensity exhibit PL energies below 1.515 eV, i.e., below the recombination energy of free excitons in strain-free ZB GaAs at 10 K [28, 29] , we observe energies above the bandgap of strain-free ZB GaAs for a long segment located in the middle part of the wire. To relate the PL energy with the local microstructure of the nanowire, we have performed transmission electron microscopy (TEM) on the same nanowire. We emphasize that the direct correlation between optical and structural properties is made possible by the fact we operate our NSOM experiment in an illumination-collection geometry (see Methods). In this geometry, the emission is collected from the same spot that was excited by the near-field probe, which we use for both local excitation and local detection. Such a study in a standard PL experiment and cathodoluminescence measurements with local excitation and global detection would be hindered by the diffraction limited spatial resolution and/or the diffusion of excitons along the nanowire axis. Figure 2(a) shows the result of overlapping TEM micrographs acquired along the whole nanowire. The missing 1.5 μm long segment in the middle of the nanowire was cut during the lift-off process by focused ion beam (FIB) and was therefore not available for the TEM analysis. The remaining lamellae contain two wire segments with a length of about 3 and 4 μm. The dark and bright stripes observed in Fig. 2(a) along the nanowire axis originate from rotationally twinned ZB segments or WZ inclusions that produce different electron diffraction conditions [30] .
The quantitative analysis of the change in crystal structure along the nanowire axis shown in Fig. 2(a) has been obtained by high-angle annular dark-field (HAADF) scanning TEM (STEM). As displayed in Fig. 2(a) , we can identify three different types of nanowire segments: ZB GaAs segments that are virtually free of twins (< 3 twins·μm −1 ), ZB/WZ segments showing alternating ZB and WZ domains of various lengths, and WZ segments that are free of stacking faults. The interface between the ZB and ZB/WZ regions is taken at the appearance of the first rotationally twinned ZB segment, and that between the ZB/WZ and WZ regions at the emergence of the last thin ZB inclusion in the WZ lattice.
The evolution of the local near-field PL spectra along the nanowire axis is shown in Fig. 2(b) . As highlighted by the white dashed lines, the transitions in the crystal structure from ZB to ZB/WZ and from WZ to ZB/WZ result in abrupt changes in the PL spectrum. Figures 3(a) and 3(b) show typical HAADF-STEM micrographs taken on the ZB and WZ regions, respectively. Representative near-field PL spectra acquired for these regions are displayed in Figs. 3(c) and 3(d), respectively. Since the near-band edge part of the low-temperature PL spectra of GaAs is usually dominated by free excitons, these spectra indicate that the energy of free excitons in the WZ and ZB segments of this GaAs nanowire is 1.506 and 1.528 eV, respectively. Surprisingly, the nanowire segment giving rise to a PL line at an energy higher than the bandgap of strain-free ZB GaAs (1.519 eV) exhibits the ZB crystal structure (Figs. 3(a) and 3(c)). Note that the energy of this line is constant to within 1 meV over the entire length (800 nm) of the ZB segment (see Fig. 2 
(b)).
The PL spectrum at the position of the second ZB segment near the base of the nanowire exhibits two emission lines at energies of 1.470 and 1.495 V, respectively. The low-energy peak originates from a disordered mixture of thin ZB and WZ inclusions in the adjacent ZB/WZ segment. Its intensity notably decreases when the near-field probe moves away towards the end of the nanowire. The weak high-energy peak at 1.495 eV may arise from carbon-related bandacceptor transitions that were also observed in previous work by Jahn et al. [9] . Note that the PL intensity near the base of the nanowire is drastically reduced due to the diffusion of carriers to the end of the nanowire and their subsequent non-radiative recombination.
Obviously, the observation of an excitonic transition at 1.528 eV in ZB GaAs is inconsistent with the wellknown bandgap and free-exciton transition energy (1.515 eV) for strain-free ZB GaAs at low temperature. We have excluded possible artifacts that could result in a blueshift of the exciton line by extensive test experiments that are described in more detail in the ESM (Figs. S2 and S3 in the ESM). The only remaining explanation for the measured transition energy is that the studied nanowire is strained. The lattice mismatch between the GaAs core and Al 0.1 Ga 0.9 As shell of the nanowires studied in this work is as small as 0.0138% (details are given in the ESM). Assuming that the core and shell share this mismatch according to their cross-sectional area, the strain induced by the shell is not more than 0.01%, a negligibly small value [31, 32] . Moreover, the core should experience a tensile axial strain from the shell, which would cause a red-shift instead of the observed blue-shift [32] . As discussed in references [33, 34] for GaN nanowires, nanowires dispersed on a supporting substrate may become strained, resulting in a shift and broadening of the lines in PL spectra. This strain can, for instance, arise from a mismatch between the thermal expansion coefficients of the nanowire and substrate [33] , bending of the nanowire introduced during dispersion [34] , or the presence of solvent residues that efficiently bond the dispersed nanowires to the substrate [35] . In the absence of any notable bending of the studied nanowire, as evidenced by both optical and scanning electron microscopy ( Fig. S4 in the ESM), we assume that the 13 meV blueshift of the free exciton transition in the ZB segments of the nanowire can be due to the presence of a uniaxial compressive strain along the nanowire axis. Using the deformation potential for ZB GaAs reported in Ref. [36] , we deduce from the blueshift of the free exciton that the uniaxial strain along〈111〉is ε = −0.23%. It should be noted that for this strain state, the fundamental hole in ZB GaAs is the light hole (LH), as schematically depicted in Fig. 3(e) .
The evolution of the band structure of WZ GaAs under uniaxial strain along〈0001〉has been previously studied both theoretically [37] and experimentally [27] . These studies showed that a uniaxial strain along the 〈0001〉direction results in a crossing of the Γ 7 and Γ 8 conduction bands in WZ GaAs [27, 37] . The exact value of the strain at which this crossing occurs is much less clear, but both theoretical [37, 38] and experimental [27] data favor a situation in which the conduction-band minimum is of Γ 7 symmetry at zero strain, and experiment indicates that the bands cross for a compressive uniaxial strain as small as −0.12%.
Assuming that the uniaxial strain of ε = −0.23% is uniform and is thus experienced by all segments in the nanowire, the valence-band maximum in WZ GaAs is still formed by the heavy hole A band. With the deformation potentials reported in Ref. [27] , the Γ 7 -A bandgap is blueshifted by 28.8 meV (Fig. 3(f) ), Nano Res. 2018, 11 (9) : 4708-4721 while the Γ 8 -A bandgap is redshifted by 20.4 meV for ε = −0.23%. Since the free exciton energy measured for the strained WZ GaAs nanowire segment is 1.506 eV (Fig. 3(d) ), we conclude that the Γ 8 -A excitonic bandgap of strain-free WZ GaAs at 10 K is thus 1.526 eV. The observation of intense emission bands involving Γ 8 electron states seems at first to be in contradiction with the negligibly small matrix elements predicted for the Γ 8 -A optical transitions at the center of the Brillouin zone [6] . However, as discussed in Ref. [39] , the Γ 8 -A matrix elements increase with increasing the k vector. We thus infer that it is possible to detect intense transitions from WZ GaAs due to the finite extent of the wavefunction of the Γ 8 -A exciton in the k-space. However, we can neither rule out that the transition observed in the WZ segment stems from excitons bound to impurities, which have a highoscillator strength even in indirect semiconductors. At the same time, we note that bound excitons in GaAs are very shallow states with a binding energy on the order of 1-2 meV. Thus, in the following we assume for simplicity free excitons and emphasize that all quantitative conclusions would be negligibly affected.
In contrast to these pure WZ and ZB segments, whose detected PL lines presumably originate from the free exciton recombination, the transitions from mixed ZB/WZ segments arise from excitons localized at the crystal phase quantum structures [8, 14] . Specifically, the band alignment between WZ and ZB GaAs is type II, and recombination in the ZB/WZ segments involves electrons and holes confined in segments with ZB and WZ crystal structures, respectively. As a result of this localization, the PL energy for the mixed ZB/WZ segments of the nanowire ranges between 1.477 and 1.512 eV, which are values well below the excitonic bandgap of the strained ZB GaAs segment (Fig. 2(b) ). The region highlighted by the red rectangle in Fig. 2(a) is of particular interest. As shown by the enlarged diffraction-contrast TEM micrograph in Fig. 4(a) , this nanowire segment is a 1-μm-long transition region between the twin-free ZB GaAs and stacking fault-free WZ GaAs, where the change in the crystal structure occurs by a gradual increase in the fraction of the WZ phase. A NSOM spectral mapping taken on the same nanowire segment is displayed in Fig. 4(b) . Clearly, the transition region encompasses three domains A, B, A quantitative analysis of the high-resolution HAADF-STEM micrographs of this transition region is shown in Fig. 4(c) . In order to account for the change in the WZ phase fraction, we plot in this figure the evolution of the length of the longest ZB and WZ segments measured for each TEM micrograph as a function of the position of the micrograph along the NW axis. The nanowire segments with defect-free ZB and WZ structure are shown in grey color on the left and right-hand sides of the transition region, respectively. Domain A is a 280 nm long ZB GaAs segment exhibiting a sequence of rotational twin boundaries, which can be described by 2 monolayers (MLs) of WZ GaAs separated by ZB GaAs segments with a length between 60 and 80 ML, i.e., about 15-20 nm. Due to the type II band alignment between WZ and ZB GaAs, the holes are localized in the WZ GaAs disk and the electrons are maintained in the neighboring ZB segment in the vicinity of the WZ-disk by the attractive Coulomb interaction exerted by the hole [40] . With regard to domain C, we observe I 1 stacking faults in WZ GaAs, which can be represented by 3 ML thick disks of ZB GaAs separated by WZ segments with a thickness of about 60 MLs. The electron wavefunction of the exciton is confined in the ZB disk, while the hole is repelled into the WZ barrier and maintained in the vicinity of the ZB disk by the Coulomb interaction with the electron. Finally, domain B is much longer than domains A and C (700 nm) and consists of alternating segments of ZB and WZ GaAs of various widths, i.e., it is a disordered polytype superlattice. Since changes in the thickness between adjacent WZ and ZB segments lead to a variation in the confinement energies, the varying PL energy in region B observed in Fig. 4(b) is a direct consequence of the change in the WZ phase fraction along the nanowire length.
Due to the strong structural disorder, only qualitative information can be obtained from the evolution of the PL energy within domain B. In contrast, domains A and C are of direct interest, since in both the density of crystal-phase structures is low. Figure 5(a) shows a PL spectrum taken on domain A at 10 K. The spectrum is dominated by a band centered at 1.501 eV. A weaker and broader band at 1.477 eV is also detected. Figure 5 (b) displays an enlarged diffraction-contrast TEM micrograph of domain A. The alternating dark and bright stripes in the micrograph arise from the rotationally twinned ZB segments. This assignment is verified by the lattice-plane resolved HAADF-STEM micrograph of the interface between two rotationally twinned ZB segments shown in Fig. 5(c) , which also confirms that the interface between Fig. 4(b) . The most intense PL band has an emission energy of 1.501 eV as determined by the Gaussian fit (red solid line). The PL band at 1.477 eV originates from domain B shown in Fig. 4(b) . (b) Enlarged diffraction-contrast TEM micrograph of the same domain A. The alternating dark and bright stripes correspond to rotationally twinned ZB segments, which produce different electron diffraction conditions. (c) Representative high-resolution HAADF-STEM micrograph of the interface between two rotationally twinned segments highlighted by the white square in (b). The stacking order of the〈111〉lattice planes at the interface produces a 2-ML-thick WZ inclusion. The rotationally twinned ZB segments are shown in blue and the single WZ inclusion in red, respectively. (d) Representative local PL spectrum from domain C indicated in Fig. 4(b) . The emission is dominated by a transition at 1.492 eV as is defined by the Gaussian fit (blue solid line). (e) Enlarged diffraction-contrast TEM micrograph of the same domain C. The sharp dark vertical lines correspond to the short inclusions of ZB segments in the WZ matrix. (f) Representative high-resolution HAADF-STEM micrograph of the 3-ML-thick ZB disk in the WZ matrix dominating in domain C. The WZ segments are shown in red and the single ZB inclusion in blue, respectively. Nano Res. 2018, 11 (9) : 4708-4721 two rotationally twinned segments can be seen as a 2 ML thick insertion of the WZ material in a ZB matrix [41] [42] [43] . The transition at 1.477 eV is also detected in domain B (Fig. 4(b) ). Therefore, we attribute its occurrence in domain A to the tail of the emission from domain B. The energy of the exciton in a 2 ML thick quantum well of WZ GaAs embedded in a ZB GaAs matrix in the presence of a uniaxial strain of ε = −0.23% is thus 1.501 eV. Domain C is located at the opposite end of the mixed ZB/WZ transition region and exhibits a low density of I 1 stacking faults. Figure 5(d) shows a PL spectrum of this domain recorded at 10 K. The spectrum is dominated by a transition at 1.492 eV with low and high energy shoulders at 1.476 and 1.506 eV, respectively. The diffraction-contrast TEM and lattice-plane resolved HAADF-STEM micrographs shown in Figs. 5(e) and 5(f), respectively, confirm that the I 1 stacking faults in domain C consist of 3 ML thick ZB disks. Similar to what is observed for domain A in Fig. 5(a) , the shoulders at 1.476 and 1.506 eV are due to the low intensity tails of the PL from domain B and from the stacking fault-free WZ GaAs segment, respectively (Fig. 3(d) ). Therefore, we conclude from Fig. 5(d) that the energy of excitons bound to the uniaxially strained I 1 stacking faults in WZ GaAs is 1.492 eV.
Next, we compare the energy measured for excitons bound to twin boundaries (i.e., 2 ML thick WZ quantum disks in ZB GaAs) and to I 1 stacking faults (i.e., 3 ML thick ZB quantum disks in WZ GaAs) with the result of envelope function calculations carried out in the frame of the effective potential formalism [44] . As shown in Ref. [45] , this method is well suited for calculating the energy of excitons in type II heterostructures. For simplicity, we use a one-band model for both the electron and hole. To account for the uniaxial compressive strain of ε = −0.23% along the nanowire axis, we take for the electron in ZB and WZ GaAs the band parameters of the Γ 6 and Γ 8 bands, respectively, and for the hole those reported for the valence bands. While the band parameters are well known for ZB GaAs (we take the same parameters as those given in Ref. [40] ), the Γ 8 -A bandgap (E WZ ) is not known accurately. In addition, while it is accepted that the band alignment between WZ and ZB GaAs is type II, the exact values for the conduction and valence band offsets (ΔC and ΔV, respectively) are a matter of controversy. The effective mass for the Γ 8 conduction band in WZ GaAs has been predicted to be highly anisotropic [38, 46] . To reproduce this anisotropy, we take the mass perpendicular to the nanowire axis me WZ, = 0.1m 0 , while we vary the electron mass along the nanowire axis (me WZ,|| ) between 0.1 and 1m 0 . In the absence of any clear consensus on the value of the effective mass of the A hole in WZ GaAs, we take it equal to 0.766 m 0 , as proposed in Ref. [14] . We note that it is undisputed that the WZ hole is heavy, and its precise mass does not significantly affect our calculations. In our simulations, we vary the values of ΔC and me WZ,|| , such that the PL energies computed for the crystal-phase quantum disks correspond to those measured experimentally. We emphasize that E WZ is not a completely free parameter, as it is given by the sum of the excitonic bandgap of strained WZ GaAs (1.506 eV, see Fig. 5(d) ) with the binding energy of the Γ 8 -A exciton (which is easily obtained from me WZ, and me WZ,|| ). Similarly, ∆V is given by E ZB + ΔC − E WZ , where E ZB is the bandgap of ZB GaAs with ε = −0.23%.
We first compute the energy of the exciton in the 3 ML thick ZB disk in WZ GaAs (i.e., the I 1 stacking fault). As shown in Fig. 6(a) , the electron localized in the ZB disk attracts the hole, forming a stable exciton. Interestingly, despite a type-II band alignment, we find that the modulus squared of the electron-hole overlap integral is |<Ψe|Ψh>| 2 = 0.25, confirming that the radiative recombination of excitons in thin crystal phase quantum disks is efficient [45] . The spatial extent of the exciton wavefunction along the nanowire axis is 9 nm, a value lower than the average distance between adjacent ZB disks in domain C (Fig. 4(c) ). This result verifies a posteriori that the quantum disks in domain C are electronically uncoupled. So far, we have neglected the fact that WZ GaAs is a polar material with a spontaneous polarization field aligned along the〈0001〉axis. As ZB GaAs is free of Figure 6 (a) Band profile (grey solid line), effective potential profile (black dashed line), envelope functions (green solid lines) and energy levels of electrons (blue) and holes (red) for excitons bound to a single 3-ML-thick ZB disk in WZ. The effective potential for the hole is the result of the sum of the crystal potential for the hole and the Coulomb potential created by the electron. The wave function has been calculated using m e WZ = 0.4 m 0 , E WZ = 1.5164 eV and ΔC = 100 meV. Inset: model of the crystal structure showing the 3-ML-thick ZB inclusion between two WZ segments (Fig. 4(f) ). The modulus squared of the electron-hole overlap integral |<Ψ e |Ψ h >| 2 is also specified in the figure. (b) m e WZ (red line, left scale) and E WZ (blue line, right scale) in a nanowire with ε = −0.23% as a function of ΔC, so that the computed energy of the exciton in a single 3-ML-thick ZB disk in the WZ is equal to 1.492 eV (Fig. 4(d) ). The solid and dashed lines show the result of the calculations without and with built-in electric fields, respectively. (c) Same as (a), but accounting for the built-in electric field induced by the discontinuities in the polarization fields at the interfaces between WZ and ZB GaAs. The wave function was calculated using m e WZ = 0.15 m 0 , E WZ = 1.5139 eV and ΔC = 100 meV. (d) Band profile (grey solid line), effective potential profile (black dashed line), envelope functions (green solid lines), and energy levels of electron (blue) and hole (red) for excitons bound to a single 2-ML-thick WZ disk in the ZB matrix. The wave function has been calculated using m e WZ = 0.4 m 0 . Inset: model of the crystal structure showing the 2-ML-thick WZ disk formed at the interface between two rotationally twinned ZB segments (Fig. 4(c) ).
spontaneous polarization, the polarization field at the interfaces of crystal-phase quantum disks is discontinuous. It should be noted that this difference in the polarization at the interface will not change appreciably when including the piezoelectric contribution induced by the uniaxial strain, since the strain is most likely uniform and the piezoelectric properties of ZB and WZ GaAs are supposed to be very similar. As shown in Fig. 6(c) , the built-in electric fields resulting from these discontinuities lead to a quantum-confined Stark effect that separates the electron and hole wavefunctions along the confinement axis [47] . For the 3 ML thick ZB disks in WZ, however, only a minor change in PL energy is expected [45] . Accordingly, taking into account the spontaneous polarization of WZ GaAs (which we take equal to 2.7 × 10 −3 C/m 2 , see Ref. [48] ) and using the same procedure as above, we find that E WZ for WZ GaAs in the presence of a uniaxial strain of ε = −0.23% ranges between 1.512 and 1.519 eV, a value close to that obtained when neglecting the polarization fields. Similarly, the value of |<Ψe|Ψh>| 2 remains almost unchanged in the presence of built-in electric fields (Fig. 6(c) ). In the actual PL experiment, built-in electric fields may be partially screened by photogenerated Nano Res. 2018, 11 (9) : 4708-4721 charge carriers. Therefore, the result of our calculations with and without polarization fields leads to the conclusion that the Γ 8 -A bandgap in strain-free WZ GaAs is between 1.532 and 1.539 eV. For a strain-free WZ nanowire, however, we would expect the emission to originate not from the Γ 8 -A but from the Γ 7 -A transition. By extrapolating our data with the help of the strain variation reported by Signorello et al. [27] , this transition would be located between 1.507 and 1.514 eV in strain-free WZ GaAs.
Finally, we simulate the excitonic properties of 2 ML thick WZ disks in ZB GaAs (i.e., twin boundaries) using the set of ΔC and me WZ,|| values illustrated in Fig. 6(b) . The spatial extent of the exciton wavefunction for the 2 ML thick WZ disks is much larger than that computed for the 3 ML thick ZB disks. For instance, for ΔC = 100 meV and me WZ,|| = 0.4 m 0 , the extent of the electron charge density along the nanowire axis is larger than 30 nm (Fig. 6(d) ). Therefore, when the distance between adjacent quantum disks in domain A is about 15-20 nm, they are electronically coupled. In other words, it is not easily possible to extract accurate values of ΔC and me WZ,|| from the emission energy measured for the 2 ML thick WZ disks in domain A.
Conclusions
In conclusion, we have correlated the emission and the structural properties of the ZB, WZ and polytype segments in a GaAs nanowire at 10 K. By combining the PL energies measured for the WZ and ZB segments as well as that from 3 ML thick ZB disks in a WZ GaAs matrix with a simulation of the exciton energy in polytype nanowire segments, we obtained that the energy of the Γ 8 -A free exciton in strain-free WZ GaAs at 10 K is 1.526 eV, and that the Γ 8 -A bandgap energy ranges between 1.532 and 1.539 eV. Based on these results, and using the strain dependence reported in Ref. [27] , we estimated that the Γ 7 -A bandgap energy expected in strain-free nanowires is 1.507 to 1.514 eV. Our study revealed that the interaction between the Si supporting substrate and the dispersed nanowire can be strong enough to strain the latter. This strain results in energy shifts that may at least partly explain the discrepancy of the values reported for the bandgap of WZ GaAs. Finally, as the energy difference between the Γ 7 and Γ 8 conduction bands is small, the symmetry of the fundamental conduction band of WZ GaAs is sensitive to strain and to radial confinement. In particular, we expect that for sufficiently small diameters, the fundamental conduction band of WZ GaAs nanowires is Γ 8 even in the absence of strain. Such thin GaAs nanowires with enhanced excitonic effects can be obtained by postgrowth thermal decomposition [49] and are of potential great interest for optoelectronic applications involving excitons.
Methods

Molecular beam epitaxy
In this work, GaAs/(Al,Ga)As core/shell nanowires were grown under the same growth conditions used in previous work by Jahn et al. [9] . Molecular-beam epitaxy (MBE) was used to prepare nanowires in a self-catalyzed mode, i.e., Ga-assisted, vapor-liquid-solid (VLS) growth. The substrate selected for this growth was a phosphorous-doped on-axis (±1°) Si(111) wafer. To desorb the water from the surface, the wafer was heated under ultrahigh vacuum to 300 °C for 20 min, while the native oxide layer remained on the substrate. Then, the substrate was heated to 580 °C and exposed to A s4 with a pressure of 1.2 × 10 −5 mbar. To initiate nanowire growth, the Ga shutter was opened, and the Ga flux was set to a value equivalent to a planar growth rate of 820 nm·h −1 , corresponding to an A s4 /Ga flux ratio of 1. After 30 min, the growth of an (Al,Ga)As shell with a nominal Al content of 10% was started. The resulting total growth time of GaAs-(Al,Ga)As core-shell nanowires was 1 h. The presence of a wide-bandgap shell efficiently suppresses nonradiative carrier recombination at the nanowire surface and hence increases the luminous efficiency, which is particularly important for the present study [50, 51] . As a reference sample, a 1-μm-thick planar epitaxial layer of zincblende GaAs was grown using the same MBE system as for the nanowire fabrication.
Experimental protocol
In order to perform the cross-correlated NSOM and TEM study of the same crystal-phase quantum structures, Nano Res. 2018, 11 (9) : 4708-4721 GaAs nanowires were transferred from the growth substrate to a pre-patterned silicon supporting substrate. Particularly, Au alignment marks with an equidistant spacing of 25 μm were structured on the Si surface by electron-beam lithography. Ultra-sonication in ethanol solution and drop-casting were used to detach nanowires from the growth substrate and disperse them on the substrate with alignment marks, respectively. At first, selected nanowires were studied by NSOM to exclude possible perturbations of the PL spectra by other characterization techniques. In the next step, the same nanowires investigated optically were prepared by FIB for structural analysis using electron microscopy. Thereby, the NSOM-TEM strategy allowed us to access the optical and structural properties of the same nanowire with a high spatial resolution. Finally, our experimental data were cross-correlated with simulations of the emission energy of the crystal-phase quantum structures to get an insight into the electronic properties of the WZ phase of GaAs.
Near-field scanning optical microscopy
For low-temperature near-field spectral imaging, the nanowire sample was fixed on the special holder of a continuous flow liquid-helium cryostat inside the NSOM vacuum chamber [52] and cooled down to 10 K. For the optical excitation, the 543-nm (2.283 eV) line of a 0.5-mW HeNe laser was used. The excitation power for single-nanowire imaging was adjusted using a linearly variable neutral density filter to insure a sufficient signal-to-noise ratio and at the same time avoid the perturbing effect of the high-power laser beam on the photoluminescence spectra, such as the shift of PL peak energy. Thus, a laser power of only 115 nW was coupled to the single-mode optical fiber for near-field spectral imaging. A chemically etched tapered single-mode optical fiber was used as a near-field probe [53] [54] [55] . The PL signal was collected by the same probe operating in a near-field illumination-collection geometry [56] , which typically provides a spatial resolution of about 1/4 to 1/6 of the working wavelength. The near-field probe-to-sample distance was kept constant during the scanning process using a shear-force distance control technique [57] . The collected photoluminescence signal was dispersed in a 0.5-m focal length imaging monochromator. Its spectral resolution was set to 3 meV. Finally, the photoluminescence signal was recorded by an LN 2 -cooled (In,Ga)As charge coupled device camera. A schematic illustration of the single-nanowire NSOM experiment is depicted in our previous work [43] . For the spectral imaging, the fiber-probe was raster-scanned across the sample surface of 4 × 4 μm 2 containing the nanowire of interest with a sampling step size, i.e., a spatial pixel, of 40 nm. At every step, a full photoluminescence spectrum was recorded in the energy range from 1.244 to 1.872 eV, which covers the entire PL emission range expected for GaAs/(Al,Ga)As nanowires.
Transmission electron microscopy
The crystal structure of the nanowire was then analyzed in a FEI microscope TITAN 80-300, which is equipped with a goniometer that allows the specimen to be tilted by up to ±30°. This feature provides the degree of freedom required to reach the crystallographic orientation for structural analysis. The imaging of the crystal lattice structure was achieved by scanning transmission electron microscopy (STEM), especially applying high-angle annual dark field technique (HAADF). Lattice imaging was performed in the〈110〉 zone axis, in which the stacking sequence of consecutive {111} lattice planes can be determined. This approach allowed us to distinguish between the ZB and WZ crystal phases. The entire length of each nanowire was investigated, providing both an overview of the nanowire morphology, planar defects, such as stacking faults, as well as the high-resolution information about the crystal structure, including the determination of the precise stacking sequence of the {111} planes.
